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Abstract Earthquakes in continental regions overwhelmingly occur in the crust where low pressure and
temperature promote brittle failure in response to tectonic stress. In rare cases, primarily in the thickened
lithosphere near the Himalayas and Tibet, continental earthquakes occur in the uppermost mantle, perhaps
implying an abnormally deep brittle-ductile transition zone created by relatively low temperatures ($600°C)
and the increased strength of olivine-rich mantle rocks. Here we present evidence for nine mantle earthquakes—
only four of which were previously recognized—along the edge of the Wyoming Craton in the western U.S.
Eight of the nine earthquakes occurred >15 km beneath the Moho where temperatures are likely above 700°C.
We infer a mixture of brittle and ductile (thermal runaway) source processes facilitated by elevated strain rates
from regional or edge-driven mantle convection, which is thought to be a primary force behind crustal
seismicity in the Intermountain West.

Plain Language Summary Continental earthquakes typically occur in the uppermost 10 km of the
crust. In rare cases, they can occur deeper in the uppermost mantle. The Intermountain West of the U.S. provides
convincing evidence of intraplate upper mantle seismicity on the edge of the ancient Wyoming Craton in Utah
and Wyoming, a portion of the stable interior of the North American continent. We present the most up to date
map of upper mantle seismicity—nine confirmed events in total—beneath the Wyoming Craton through
verification of earthquake depths and comparisons to crustal thickness. We find that these earthquakes are likely
occurring in ductile mantle material at temperatures exceeding 700°C and are located in areas exhibiting rapid
changes in lithospheric thickness. These earthquakes are likely facilitated by regional or localized mantle
convective forces interacting with complex lithospheric structure, which is suspected to be a leading cause of
crustal seismicity in the Intermountain West.

1. Introduction

Earthquakes in the continental mantle are extremely rare and have primarily been observed beneath the thickened
crust of the Himalayas and Tibet (e.g., Chen & Molnar, 1983; Molnar & Chen, 1983). Though debate about their
existence arose due to difficulty in resolving earthquake depths with teleseismic arrival times and uncertainty
about Moho depth (Maggi et al., 2000), several studies, using a variety of seismological techniques, have
confirmed their existence in the uppermost mantle (e.g., Michailos et al., 2021; Monsalve et al., 2006; Schulte-
Pelkum et al., 2019; Song & Klemperer, 2024; Wang & Klemperer, 2021; L. Zhu & Helmberger, 1991). These
uncommon earthquakes provide insight into lithospheric structure, composition, temperature, and strength,
allowing inferences on continental evolution and dynamics (Jackson et al., 2021).

Mantle lithologies are generally stronger than those of continental crust, and at temperatures ~600°C the up-
permost mantle may undergo brittle deformation while the lower crust deforms ductiley, referred to as the “jelly
sandwich” rheological model (e.g., Burgmann & Dresen, 2008). Alternatively, thickened and anhydrous conti-
nental lithosphere may allow for continuous seismicity throughout the crust and upper mantle if temperatures
remain <600°C, referred to as the “caramel slab” model (Chen et al., 2013). In either case, upper mantle
earthquakes beneath the Himalayas and Tibet have been used to infer the presence of a strong and cold litho-
spheric mantle (Chen & Yang, 2004), with similar inferences made for upper mantle earthquakes in northern
Australia (Sloan & Jackson, 2012) and portions of the East African Rift system (Yang & Chen, 2010). However,
other research has suggested that cold temperatures are not required for mantle earthquakes when strain rates are
high (e.g., Molnar, 2020). In particular, if strain rates are sufficiently high, a plastic instability known as thermal
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Figure 1. Map of the study region. Mantle earthquakes are shown as stars. Black dots show background seismicity (1979-2023) suspected to be in the mid-to-lower crust
at depths >20 km. The thick black line represents a depth-averaged (60—125 km) high resistivity contour interpreted as the boundaries of the lithospheric keel of the
Wyoming Craton (shaded gray region in the inset map labeled “WC”) defined by Bezada et al. (2024).

runaway could generate continental mantle earthquakes with shear-faulting mechanisms similar to brittle failure
(Thielmann, 2018).

The most compelling evidence for continental mantle seismicity outside of the Himalayas and Tibet lies in the
Intermountain West of the United States, on the western margin of the Wyoming Craton (Figure 1). Located at the
boundary of the tectonically active western U.S. and the stable interior of the North American plate, the western
edge of the craton has been heavily eroded, creating heterogeneous structure and an overall thinning of the
lithosphere westward across the states of Wyoming, Idaho, and Utah (e.g., Bezada et al., 2024; Dave & Li, 2016;
Levander & Miller, 2012). An M, 3.8 earthquake in northeastern Utah at a depth of 90 km was reported in 1979,
and although its location accuracy has been questioned (Frohlich et al., 2015), an analysis supporting its mantle
depth was presented in a meeting abstract (Zandt & Richins, 1979). More recently, an M; 1.5 earthquake in 2010
was located at a depth of 63 km in central Wyoming using arrival time data from a temporary regional array of
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Table 1
Relocation Summaries
Origin time (UTC) Latitude (°N) Longitude (°W) Catalog depth (km) Magnitude Relocated depth (km) Moho depth (km) Focal temperature (°C)
24 February 1979 12:43:41 41.717 111.148 90.5 3.8 M, 944+ 1.8 37+3 1,227.0 £ 46.9
29 March 1992 03:35:43 41.729 111.334 54.4 1.0 M 56.7+ 1.8 37+2 942.6 + 62.1
18 June 2010 03:35:43 43.064 108.089 63.2 1.5 M. 69.6 + 3.0 46 £3 1,001.3 + 68.4
21 September 2013 13:16:33 42.975 109.128 76.2 4.8 M, 755 +23 44 £2 993.2 + 66.4
21 September 2013 15:15:34 42.994 109.115 71.4 3.0 M 769 2.2 44 £2 1,001.7 £ 65.9
23 December 2019 22:34:08 41.522 110.026 60.5 32M, 578 £ 1.5 40 £2 840.7 + 67.9
21 April 2020 07:59:24 41.368 109.841 455 2.4 M, 445+ 1.2 40+ 1 493.8 + 70.0
15 December 2020 11:41:50 40.421 109.740 55.8 1.4 M, 56.0 = 2.0 43 £ 1 965.8 + 57.7
23 August 2023 15:54:39 41.339 110.494 58.8 23 M. 562 +22 39+2 789.9 + 67.4

Note. Origin time, latitude, longitude, and magnitude are catalog values. Relocated depth is the mean depth plus or minus one standard deviation. Moho depth is the
median depth from all investigated models plus or minus one median absolute deviation (MAD) (Table S3 in Supporting Information S1). All depths are relative to sea
level. Temperatures are estimated at the relocated focal depth (Figure S16 in Supporting Information S1). Error is the interpolated thermal model uncertainties (Schutt

et al., 2018; Shinevar et al., 2023).

seismometers (O’Rourke et al., 2016). Most convincing are two earthquakes that occurred in 2013 beneath the
Wind River Range of central Wyoming: an M,, 4.8 mainshock at 76 km depth and its lone M; 3.0 aftershock at
72 km depth (USGS ComCat). The mainshock was recorded with high signal-to-noise ratio enabling the use of
multiple regional and teleseismic depth estimation techniques (e.g., Craig & Heyburn, 2015).

Here we present the most complete map of upper mantle seismicity near the Wyoming Craton to date (Figure 1).
Nine earthquakes—five of which are newly evaluated in this study—are confirmed as originating in the mantle
via comparison to 14 recent regional models of crustal thickness. We find that these earthquakes are located near
the western edge of the craton, and we discuss their implications for tectonics and seismogenesis.

2. Earthquake Relocation

We searched the earthquake catalog of the University of Utah Seismograph Stations (UUSS, Pankow et al., 2020),
the Comprehensive Catalog of the U.S. Geological Survey (USGS Comcat), and the existing scientific literature
to identify nine events with depths >40 km that are plausibly located in the upper mantle of the study region
(Figure 1, Table 1). Regional distance waveform data are available digitally for eight of the evaluated earth-
quakes, with data for the 1979 M; 3.8 Randolph earthquake residing on analog microfilm records (Figure S1 in
Supporting Information S1). The analyst reviewed arrival times for this event are presented in Table S1 in
Supporting Information S1.

We apply a straightforward relocation methodology to resolve and verify focal depths. For each earthquake with
waveform data, we inspect published arrival times, adjust them as necessary, grade their quality, and, when
applicable, add picks to increase azimuthal coverage. Station distributions are summarized in Table S2 in Sup-
porting Information S1, and example phase picks are presented in Figures S1 and S2 in Supporting Informa-
tion S1. We perform relocations with ELOCATE (Herrmann, 2013) and seven 1D velocity models (Figure S3 in
Supporting Information S1) that are used by the UUSS, USGS, and other earthquake agencies, as well as
HYPOINVERSE (Klein, 2002), which uses a mixture of 1D velocity models and a different linearized inversion
method. For each event and model, arrival times are stochastically perturbed using a Gaussian distribution 100
times, yielding a total of 800 relocations which are merged into a single population to calculate a mean and
standard deviation for focal depth. Higher quality picks (0—1 weight) are perturbed with a standard deviation of
0.1 s, and lower quality picks (2—4 weight) are perturbed with a standard deviation of 0.2 s (Figure S2 in Sup-
porting Information S1). This methodology is designed to account for variations in crustal structure and arrival
time picking.

An example of this procedure is presented for the 1979 M; 3.8 Randolph earthquake in Figure 2, yielding a focal
depth of 94.4 + 1.8 km. The uncertainty represents one standard deviation, and depth is relative to sea level. The
original UUSS catalog depth, which was derived with a different inversion technique and velocity model, is
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Figure 2. Relocation results for the 1979 M; 3.8 earthquake near Randolph, Utah. (a) UUSS catalog epicenter (yellow star). Dashed box outlines the region shown in
panel (b). (b) Station locations (triangles) with arrival times used. (c) Epicenters (circles) from stochastic perturbation of arrival times. Results for the Wasatch, Plateau,
Trail_Mt., Draney, Montana, ak135, and WUS 1D velocity models are computed with the ELOCATE program (Herrmann, 2013), while HYPO are results from using
the HYPOINVERSE program (Klein, 2002). (d) Depths and origin times for each model and method. Depth is relative to sea level and origin time is seconds after
12:43:00 UTC on 24 February 1979. Note that focal depth is relatively insensitive to the velocity model.

90.5 km. Our level of uncertainty is comparable to that of Pyle et al. (2023), who similarly evaluated the effects of
variations in arrival times, velocity models, and inversion techniques on the locations of small crustal earthquakes
recorded at local-to-regional distances in Nevada. The excellent depth resolution is owing to the existence of
arrival times across a range of epicentral distances, with 8 picks from stations closer than 1.0 focal depth and 22
picks from stations at distances of 1.0-3.5 focal depths. Two S picks at distances of 126 and 137 km also improved
depth resolution. Additional sensitivity tests are presented in Text S1 and Figures S4-S7 in Supporting Infor-
mation S1. Our preferred depth remains 94-95 km but the standard deviation roughly doubles to 4-5 km in the
case of deleted arrival times (Figure S6 in Supporting Information S1). Relocation results for the remaining eight
earthquakes are shown in Figures S8—S15 in Supporting Information S1 and summarized in Table 1.

For all nine earthquakes, the original catalog depth is close to the range of relocated depths, which is usually on
the order of a few kilometers. In most cases, our preferred depths are slightly greater than the catalog depths.
Our results for the 2013 M,, 4.8 earthquake near Fort Washakie, WY, (Figure S8 in Supporting Information S1)
validate our relocation methodology due to the consistency of our depth estimate with those from other
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techniques and researchers. We find a depth of 75.5 = 2.3 km using 22 P arrival times and 7 S arrival times
recorded at distances of 44-243 km, while the USGS reported a depth of 76.2 km using 457 arrival times from
phases including P, S, pP, sP, PcP, and PKP recorded at local-to-teleseismic distances. Previously estimated
depths of ~75 km, and 75 + 8 km were obtained from an inversion of regional distance waveforms (Frohlich
et al., 2015), and regional waveform inversion combined with teleseismic array-based analysis of depth phases
(Craig & Heyburn, 2015), respectively. In general, we find that although focal depth trades off with origin time
for a given velocity model, the range of acceptable depths is similar for different velocity models. Instead,
origin time tends to trade off more strongly with velocity. This relationship manifests in the near-vertical
alignment of depth-vs.-origin time clusters for different velocity models (Figure 2).

3. Moho Depths

Crustal and upper mantle properties in the Intermountain West of the U.S. are well resolved from decades of
continuous monitoring by regional seismic networks (Pankow et al., 2020) and the Earthscope Transportable
Array (TA) project (Long et al., 2014). While the TA was active (roughly 2006-2010 in the Intermountain West),
high-quality, three-component broadband seismograph stations were uniformly deployed for 18-24 months with
a nominal spacing of 75 km, allowing modern methods of seismic imaging to be applied by multiple independent
research groups. We compiled Moho depth estimates in the region from 14 models presented in 13 publications
(Table S3 in Supporting Information S1). These models were created via independent methodologies including
active source seismology, P, tomography, P and S receiver functions, Rayleigh wave dispersion and ellipticity,
and gravity, with several researchers combining methods. Crustal thickness estimates are corrected to be relative
to sea-level by subtracting the average elevation in the area. The model estimates for Moho depth that are closest
to each epicenter are used, and the median and median absolute deviation (MAD) are calculated to compare to the
relocated focal depths (Figure 3). Within two MAD, all nine earthquakes are located below the Moho. Eight are
more than ~15 km beneath the Moho, with the 2020 M; 2.4 event about ~5 km beneath the Moho. The most
anomalous event is the 1979 M; 3.8 earthquake which is ~60 km beneath the Moho.

4. Mantle Temperatures

Upper mantle temperatures can be inferred from shear wave velocities, surface heat flow observations, and
geochemical analysis of mantle xenoliths, providing insight into possible deformation mechanisms. Here we use
two recent 3D temperature models of the western U.S. One study (Schutt et al., 2018) converted P,, velocity and
crustal thickness (Buehler & Shearer, 2017) into Moho temperatures assuming a uniform spinel lherzolite
composition and found a temperature range of ~500°C-900°C in our study region (Figure 4). A second study
(Shinevar et al., 2023) converted a recent mantle tomographic model (Golos et al., 2020) into estimates of
temperature, composition, and density for a range of ultramafic lithologies and found temperatures of ~700°C—
1,250°C at depth slices of 60, 80, and 100 km in our study region (Figures 3b-3d). We acknowledge that sig-
nificant uncertainties exist when converting seismic velocity into temperature (e.g., Lebedev et al., 2024),
however the Shinevar et al. (2023) model was validated against temperatures inferred from young (<10 Ma)
mantle xenoliths with good general agreement.

We construct mantle geotherms for each earthquake using nearest model points to the mean epicentral locations
and linearly interpolating between the four temperature estimates provided by the two temperature models. We
adopt the formal model uncertainties from these two studies, and our preferred temperatures are presented in
Figure 3 and Table 1. Example geotherms are presented in Figure S16 in Supporting Information S1 along with
previously estimated geotherms developed from steady state heat flow (Hasterok & Chapman, 2011; Wong &
Chapman, 1990) and other velocity models (Prieto et al., 2017; Tesauro et al., 2014). Surface heat flow exceeds
55 mW/m? in the vicinity of the earthquakes (Blackwell et al., 2011; Lucazeau, 2019), which is higher than typical
cratonic values (Hasterok & Chapman, 2011). Based on our interpolated temperature estimates, eight of the nine
earthquakes appear to have nucleated at temperatures >700°C.

5. Focal Mechanisms

Several independent moment tensors derived for the largest event, the 2013 M,, 4.8 earthquake, show a double-
couple with highly oblique strike-slip motion (USGS ComCat, Craig & Heyburn, 2015; Ekstrom et al., 2012;
Frohlich et al., 2015; Herrmann et al., 2011). First motions for the eight smaller earthquakes exhibit variations in
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brittle-ductile transition is conservatively estimated at ~700°C, assuming an anhydrous peridotitic mantle (Molnar, 2020) inferred from resistivity (e.g., Bedrosian &
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Figure 4. Earthquake epicenters (yellow stars) compared to (a) crustal thickness (Buehler & Shearer, 2017), (b) Moho temperature (Schutt et al., 2018), (c) surface heat
flow (Lucazeau, 2019), (d) mantle shear velocity (Schmandt et al., 2015), (e) amplitude of the 1'¥ component of 60 s Rayleigh wave apparent anisotropy (Zeng
etal., 2024), and (f) depth to the thermal lithosphere-asthenosphere boundary (Priestley et al., 2024). Lithospheric edges are emphasized in panels (d—f), though the long-
wavelength model in panel (f) seems to underestimate the amount of erosion beneath the northwestern section of the Wyoming Craton that is observed in high resolution
regional studies (e.g., Bezada et al., 2024; Dave & Li, 2016).

polarity consistent with double-couple mechanisms, thus there is no evidence for a dominantly isotropic
mechanism that might indicate magma-assisted seismogenesis, such as dike emplacements proposed to explain
upper mantle seismicity in magmatically active portions of the East African Rift (e.g., Lavayssiere et al., 2019;
Lindenfeld & Riimpker, 2011; Lindenfeld et al., 2012). We attempt to constrain focal mechanisms for these
smaller events to gain insight into the stress field by inverting first motions with a search process that accounts for
uncertainties in the velocity model and thus take-off angles (Skoumal et al., 2024). We achieve robust solutions
for the 2013 M, 4.8 (for method verification) and 2019 M, 3.2 earthquakes (Figures S17 and S18 in Supporting
Information S1). Both solutions exhibit oblique strike-slip motion with a T axis indicative of E-W oriented
extension, broadly consistent with the regional stress field in the crust.

6. Discussion and Conclusions
6.1. Possible Mechanisms of Seismogenesis

Continental mantle earthquakes have sometimes been interpreted as brittle failure in localized heterogeneities
embedded within a matrix of ductile material (Inbal et al., 2016). Here, we observe continental mantle earth-
quakes over a broad area (~30,000 km?) at a variety of depths (5-60 km beneath the Moho) making brittle failure
within isolated compositional heterogeneities less plausible. Our temperature estimates—and independent esti-
mates for the 2013 M,, 4.8 and 1979 M; 3.8 events (Prieto et al., 2017)—suggest a ductile process known as
thermal runaway (Thielmann, 2018) is responsible for most of the mantle earthquakes near the Wyoming Craton
analyzed in this study. This process localizes strain through a velocity weakening and grain size reduction
feedback loop, and has been suggested as a possible mechanism for events with dissipative source processes (e.g.,
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low rupture velocity and radiation efficiency; Zhan, 2020) as observed for the 2013 M,, 4.8 earthquake (Prieto
et al., 2017). The aftershock deficiency observed for events studied here is also consistent with that of deep
subduction zone earthquakes occurring in relatively warm environments (Wiens & McGuire, 1995).

However, thermal runaway is not needed for all the evaluated earthquakes, as temperatures near the M; 2.5 2020
Little America earthquake suggest brittle deformation near the Moho. Therefore, it is likely that a combination of
brittle and ductile mechanisms actively contribute to mantle deformation depending on depth and local condi-
tions, which has been recognized in other regions where seismicity crosses the Moho (e.g., Schulte-Pelkum
et al., 2019). While much of the lithosphere here is suspected to be compositionally anhydrous (Bedrosian &
Frost, 2023), Zhao et al. (2024) proposed that the 2013 Wind River earthquakes were induced by ascending fluids
sourced from dehydration reactions in the remnant Farallon slab, currently suspected to reside below the craton at
a depth of ~300 km. Considering this model and the variability in resistivity structure at the edges of the
Wyoming Craton (Bedrosian & Frost, 2023; Bezada et al., 2024), the presence of fluids in the vicinity of the
earthquakes cannot be ruled out and may provide additional incentive for rupture.

6.2. Link to Lithospheric Edges

Regardless of the source mechanism, a unifying factor that links the earthquakes explored here is their proximity
to complex lithospheric structure (Figure 4). The epicenters are correlated with several geophysical quantities that
are indicative of lithospheric edges: steep changes in the depth to the thermal lithosphere-asthenosphere boundary
(LAB, Priestley et al., 2024), rapid lateral changes in mantle shear velocity (Schmandt et al., 2015), and large
magnitude of the 1¥ component of directionally dependent Rayleigh wave phase velocity at 60 s (Zeng
et al., 2024). The latter quantity relates to structural heterogeneity in the upper mantle and can be simulated using
velocity models with lateral step-like changes in velocity (Zeng et al., 2024). All nine earthquakes are located
within 100 km of the recently imaged lithospheric keel of the Wyoming Craton by Bezada et al. (2024) (Figure 1),
which suggests substantial heterogeneity in lithospheric structure and erosion of the craton at depths of 60—
125 km.

Regional mantle convection—likely driven by thermal anomalies in the Basin and Range and upwelling asso-
ciated with the Yellowstone plume—interacting with lithospheric edges has been proposed as a major driver of
intraplate deformation in the Intermountain West (Becker et al., 2015; Cao & Liu, 2024; Castellanos et al., 2022).
Localized, or edge-driven, convection (e.g., Kim & So, 2020; King & Anderson, 1998) across heterogeneous
LAB structure has also been recognized as an eroding force beneath the western Wyoming Craton (Dave &
Li, 2016), and lithospheric edges are known to be inherently weak zones where upper mantle seismicity is most
likely to nucleate (Jackson et al., 2021). Edge-driven convection has also been proposed as an important eroding
force at the edges of cratonic lithosphere elsewhere in the western U.S. (e.g., Colorado Plateau in eastern Utah,
van Wijk et al., 2010). Inherited shear zones from previous deformational episodes (e.g., Laramide basement
thrusting) may provide additional weaknesses for strain localization (Fagereng et al., 2024; Prieto et al., 2017; Z.
Zhu et al., 2021). Consistency with the regional crustal stress field supports mantle seismogenesis by the same
regional forces suspected to be driving intraplate seismicity in the crust (Cao & Liu, 2024). This consistency
further supports the link between intraplate seismicity and mantle forces driven by and interacting with complex
lithospheric structure, as recognized in other regions experiencing intraplate deformation such as northern Europe
(Bott et al., 2024).
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